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Abstract 

An  ultrasonic  inspection  systen  for  the  prediction  of  adhesive  bond 
strength  for  metal-to-netal  applications  is  of  great  value  to  the  V.S.  Air 
Force,  as  well  as  nany  other  agencies.  The  prediction  of  adhesive  >)cnd 
strength,  assuming  there  are  no  delaminations,  inclusions,  or  such  cohesive 
type  problem  as  curing,  etc.  is  the  goal  of  this  study.  Ultrasonically 
evaluating  adhesive  bonds  that  have  partially  delaminated,  is  easily  accom- 
plished using  C-scan  techniques,  but  a major  problem  arises  when  the  defect 
in  the  bond  is  either  adhesive  or  cohesive  in  nature.  Our  study  involved 
primarily  the  adhesive  aspect  of  the  bond  strength,  which  is  related  to 
the  surface  preparation  problem.  Test  specimens  were  manufactured  so 
that  a deficient  surface  preparation  occurred  on  either  or  both  substrates 
in  an  aluminum- to-alumlnum  step-lap  joint.  The  specimens  with  little  or 
no  surface  preparation  provided  weak  bonds,  and  the  specimens  with  proper 
surface  preparation,  in  general,  produced  strong  bonds. 

A completely  automated  ultrasonic  inspection  system  has  been  developed 
at  Drexel  University  for  predicting  bond  strength  in  metal-to-metal  adhesively 
bonded  step-lap  joints.  Results  to  date  provide  a 91%  reliability  for  solving 
this  difficult  problem  of  predicting  adhesive  bond  performance. 

A resource  base  developed  in  earlier  years  in  exper-fnental  technology, 
theoretical  ultrasonic  wave  interaction  studies  with  adhesive  bond  models, 
manufacturing  technology,  and  shear  stress  distribution  analysis  have  all 
been  Incorporated  into  a pattern  recognition  program  of  study.  Such  topics 
as  nearest  neighbor  philosophy,  fuzzy  logic  analysis,  probability  density 
function  analysis,  and  adaptive  search  and  learning  technloues  for  linear 
and  non-linear  models  have  been  Investigated.  A Fisher  Linear  Discriminator 
algorithm  has  been  developed  which  affords  a 91%  reliable  prediction  for 
adhesive  bond  strength.  Unfortunately,  results  indicate  that  the  prediction 
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H aloorithms  depend  strongly  on  the  particular  transducer  lieinp  used.  Data 

acquired  with  a different  transducer,  having  different  ptilse  fom  charac- 

I teristics,  created  problems  in  predicting  bend  strength  gntil  a new  algorithm 

was  designed  for  that  particular  transducer.  To  compensate  for  the  trans- 

I 

■ ducer  differences,  a deconvolution  technioue  vjas  ir.plenented  to  expand  the 

H selection  of  useful  transducers.  Limited  success  on  this  technioue  has 

been  obtained  to  date. 
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Backi^round 

Drexel  University,  as  part  of  contract  number  73-2480,  has  concluded 
a research  program  in  the  development  of  ultrasonic  procedures  for  the 
determination  of  bond  strength.  Work  tasks  have  been  carried  out  to  advance 
the  state  of  the  art  in  ultrasonic  inspection  for  predicting  adhesive  bond 
performance  in  metal  to  metal  structures.  Emphasis  in  the  program  was 
directed  towards  the  bond  strength  problem  and  not  that  of  locating  and 
classifying  de-bonding  within  an  adhesively  bonded  joint.  Rather  than  study 
the  mechanics  of  bonding  and  the  relationship  with  many  of  the  manufacturing 
and  service  variables  outlined  in  Reference  [1],  it  was  proposed  to  examine 
the  potential  of  various  ultrasonic  signal  features  and  their  ability  for 
predicting  performance  of  an  adhesively  bonded  structure.  A substantial 
resource  base  in  bond  model  analysis  and  experimental  data  acquisition  tech- 
niques, has  been  developed  that  allowed  us  to  move  into  the  mere  advanced 
problems  in  adhesive  bond  strength  prediction. 

The  overall  philosophy  of  employing  ultrasonic  analysis  in  the  adhesive 
bond  inspection  problem  is  illustrated  in  Table  1.  The  path  labelled  1-2-3, 
as  an  example,  shows  how  the  theoretical  modelling  analysis  was  used  in  the 
overall  program  of  study,  providing  us  with  Improvements  in  data  acnuisitlcn 
and  analysis.  Our  latest  work  was  directed  towards  the  path  4-5  in  an 
attempt  to  obtain  some  correlation  between  ultrasonic  signal  feature  and 
performance  of  the  structure.  Path  6 is  avoided  because  of  the  difficulty 
in  flaw  characterization,  as  well  as  extensions  by  way  of  fracture  mechanics 
into  the  ultimate  goal  of  the  project;  that  of  performance  prediction. 

Early  work  in  the  project,  as  indicated  in  References  [1  and  2],  provides 

us  with  a substantial  resource  base  in  understanding  manufacturing  parameters, 

thickness  measurement,  and  shear  stress  distribution  in  a step-lap  joint. 

Modelling  concepts  for  studying  ultrasonic  wave  interaction  with  adhesive 

bonds  is  reported  in  References  [3,  4,  and  5].  Promise  for  solving  the 
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difficult  performance  prediction  problem  is  illustrated  in  Reference  fb], 
where  acid  etch  surface  preparation  on  both  sides  of  an  adhesive  bond  is 
eliminated,  and  performance  and  ultrasonic  echoes  are  compared  with,  a 
properly  prepared  adhesive  bond  specimen.  In  this  particular  case,  t!ie 
one  feature  of  ultrasonic  bond  echo  amplitude  to  upper  surface  reference 
ar^plitude  provides  us  with  a reasonable  correlation  for  excellent  and  poor 
bonds.  In  this  case,  a 20  MHz  transducer  produced  improved  results  compared 
to  a 10  MHz  transducer.  Unfortunately,  later  results  indicated  that  the 
amplitude  feature  was  not  reliable  for  predictinp  bond  strength.  As  a 
result,  additional  work  was  carried  out  on  other  pulse  shape  features.  This 
work  is  reported  later. 

Theoretical  m.odelling  of  the  effects  of  attenuation  as  a function  of 
frequency  on  the  physical  modelling  of  adhesive  bonds  is  reported  in  Refer- 
ence f8],  concepts  of  which  mav  be  extended  to  the  metal-to-comnosite  bond- 
ing problem  in  evaluating  tlie  masking  effects  of  a composite  m.aterial  as  an 
ultrasonic  wave  impinges  on  the  interface  from  the  metal  side. 

A fast  data  acquisition  system,  details  of  which  are  included 
in  Reference  [9],  has  been  developed  at  Drexel  University.  A block  diagram 
of  the  fast  ultrasonic  data  acouisition  and  analysis  svster.  is  illustrated 
in  Fig.  1.  Such  work  tasl:s  as  analog/digital  converter  interfacing,  signal 
control  interfacing,  and  specific  software  development  programs  have  been 
carried  out  for  the  adhesive  bond  inspection  program  of  study.  A computer 
controlled  scanning  tank  is  Illustrated  in  Fig.  2,  followed  by  a photograph 
of  our  PDF  11/05  mlnicom.puter  system  in  FJg.  3. 

Data  acquisition  and  analysis  principles  are  briefly  outlined  in  a 
pattern  recognition  data  analysis  routine  in  Ta'ule  2.  Alt'.iough  variations 
on  the  computation  procedure  presented  in  Table  2 are  numerous,  emphasis 
in  the  adhesive  bond  data  analysis  program  was  focused  on  fuzzy  logic 


procedures,  nearest  neighbor  rule  techniques,  and  several  advanced  aspects 


of  pattern  recognition.  Basic  philosophy  of  the  approach  is  outlined  in 
Table  2 when  considered  with  a probability  density  function  estimator  (PDF)  for 
achieving  tb.reshold  values  in  the  fuzzy  logic  routine,  prototype  feature 
vectors  required  in  the  nearest  neighbor  rule  algorithm  development,  and 
useful  concepts  of  feature  variation  and  Interaction  useful  in  many  pattern 
recognition  algorithms.  The  final  prediction  is  based  on  a Fisher  Linear 
Discriminator  algorithm  (see  Appendix  1)  which  separates  the  data  into  two 
classes;  good  bonds  and  bad  bonds. 
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Test  Series  Details 

Seven  series  of  metal-to-metal  adhesively  bonded  specinens  have  recentl"  been 
fabricated,  data  analysis  results  for  tlie  first  three  series  being  explained 
in  Reference  [10],  and  the  last  four  series  being  presented  in  the  following 
sections.  Conditions  for  each  test  series,  results,  and  also  improvements 
for  the  last  four  series  are  Included  below. 

Test  Series  IV 

Test  series  IV  consisted  of  26  adhesively  bonded  specimens  manufactured 
with  a more  recently  available  and  popular  adhesive,  FM-73,  which  was  chosen 
because  of  its  current  wide  use  in  such  Air  Force  applications  as  the  PABST 
Program  [11].  As  before,  application  of  the  acid  etch  to  one  or  more  of 
the  substrates  was  used  to  control  the  quality  of  the  bond.  In  addition, 
specimen  numbers  A5  through  48  were  exposed  to  contaminates  before  bonding. 

The  contamination  was  accomplished  using  a silicon  release  agent,  commonly 
used  on  fixtures  ordinarily  found  in  industrial  bonding  situations. 

Due  to  the  apparent  failure  of  all  of  the  pattern  recognition  based 
attempts  at  classification  considered  in  Series  HI,  in  [10],  the  feature 
extraction  approach  V7as  modified  to  yield  more  meaningful  features  and 
feature  relationships  as  suggested  by  the  initial  PDF  curves  carried  out 
in  Series  III, [10].  It  was  anticipated  from  both  the  computer  modelling 
runs  and  the  Series  III  test  data  that  specific  feature  characteristics 
of  the  spectral  depressions  would  be  useful  in  a classification  algorithm. 

However,  none  of  the  13  features,  many  of  which  were  associated  with  spectral 
depression  depth  and  spacing,  appeared  to  be  sufficient  for  data  separation. 

It  was  realized  that  due  to  minor  thickness  variations  from  specimen  to 
specimen,  the  spectral  depressions  moved  in  the  frequency  domain  to  such 
an  extent  that  depth  measurements  became  meaningless  in  the  extreme  cases 
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where  the  depressions  occurred  far  away  from  that  portion  of  the  amplitude- 
freouency  profile  containing  peak  energy.  A transducer  compensation  tech- 
nioue, where  a normalization  of  the  amplitude-f reouency  profiles  is  performed, 
was  not  considered  in  this  program  of  study. 

Three  new  features  were  therefore  derived  from  seven  of  the  existing 
amplitude- frequency  features.  The  procedure  is  detailed  in  Fig.  4.  The 
center  frequency  of  the  6 dll  down  line  was  considered  as  a starting  point 
in  determining  the  peak  energy  area  for  each  signal.  Spectral  depressions 
characterized  by  and  occurred  lower  and  higher,  respectively,  of  the 
center  frequency  in  the  frequency  domain.  A preliminary  calculation  is 
made  to  determine  which  spectral  depression,  or  A^,  occurs  closest  to 
the  center  frequency  and,  therefore,  closest  to  the  peak  energy  area  in 
the  signal.  It  is  this  depression  that  was  chosen  as  the  depression  to 
be  measured  and  correlated  with  bond  strength.  For  every  amplitude-time 
signal  and  its  associated  frequencv  profile,  either  A^  or  k,  is  chosen, 
and  the  frequency  difference  between  the  chosen  spectral  depression  and 
the  center  frequency  of  the  6 dR  down  line  is  used  as  a first  feature  )3^. 

If  the  depression  at  A^  is  used,  features  and  become  A^/A^  and  A^/A^, 
respectively.  Although  the  frenuencv  difference  between  the  center  freouencv 
and  the  location  of  the  spectral  depression  used  is  normally  used  as  a 
feature  indicating  cohesive  bond  strength,  it  is  used  here  as  a comnensating 
feature  in  combination  with  features  and  to  treat  the  non-uniform 
energy  distribution  over  the  bandwidth  considered. 

By  constructing  PDF  curves  for  these  three  features,  it  is  then  poss- 
ible to  determine  thresholds  on  each  feature  when  used  on  an  Interactive 
basis  with  the  remaining  two.  Fig.  5 illustrates  the  technique  of  using 
PDF  curves  in  separating  the  data  into  a three-class  system.  The  classes 
chosen  were  low  (0  to  2,000  lbs,),  medium  (2,000  to  3,500  lbs.),  and  high 

(over  3,500  lbs.).  As  may  be  seen  from  Fig.  5,  thresholds  for  feature 
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nay  he  chosen  at  2.55  and  2.74  for  a hifih  class  bend  and  between  2.05 
and  2.50  for  a nediun  class  bond.  Similar  studies  were  made  for  the 
remaining  classes  and  features  considered  with  thresholds  shown  in  Table  3. 
Hxploring  the  possibility  of  feature  interaction,  features  , and 

were  plotted  against  one  another  in  the  three  possible  combinations  for 
each  set  of  bond  data  in  the  series.  Data  not  falling  within  the  designated 
thresholds,  may  not  be  classified  using  this  approach.  If  any  data  falls 
outside  of  the  range  of  the  existing  data  altogether,  it  is  also  considered 
not  able  to  be  classified.  For  all  specimens  considered  in  Series  TV,  an 
overall  index  of  performance  of  94%  was  obtained  using  this  technique. 
Classifications  and  failure  leads  are  sb.own  in  Table  4, 

Test  Series  V 

Series  V data  consisted  of  29  specimens  fabricated  in  a fashion  similar 
to  Series  IV;  a balance  of  properly  prepared  specimens  expected  to  yield 
high  failure  loads,  unetched  on  one  or  both  substrates  expected  to  yield 
medium  failure  loads,  and  contap'inated  specimens  expected  to  yield  low 
results  were  established.  This  balance,  however,  was  not  ac!iieved  due  to 
quality  control  variations  in  the  bonding  procedure.  Predictions  and 
failure  loads  are  sho^m  in  Table  5.  Only  a single  specimen  existed  in  the 
high  failure  load  range,  along  with  six  specimens  in  the  low  range.  It 
might  be  pointed  out  that  specimens  118  through  124  were  purnosely  contami- 
nated in  an  attempt  to  provide  representatives  of  the  low  load  category. 
However,  three  of  these  - specimen  numbers  120,  121,  and  122  - all  failed 
at  medium  loads  and  were  correctly  predicted. 

A summary  of  the  data  spread  for  Series  TV'  is  shown  in  Table  6a,  for 
Series  V in  Table  6b,  and  for  the  combined  Series  in  Table  v6c.  It  may  be 
concluded  that  the  perforr.ance  of  the  classification  algorithm,  is  similar 
in  both  Series  IV  used  as  a training  set,  and  Series  V used  as  a test  set. 
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Possibly,  PDF  curves  could  be  made  from  combined  data  sets  to  yield  better 
performing  threshold  levels  for  classification. 

Test  Series  VI 

Series  VI  data  consisted  of  2h  specimens  fabricated  in  a fashion 
similar  to  Series  IV  and  Series  V;  a balance  of:  properly  prepared  speci- 
mens expected  to  yield  liigh  failure  loads,  unetched  on  one  or  both  substrates 
expected  to  yield  medium  failure  loads,  and  contaminated  specimens  expected 
to  yield  low  results  was  established.  A summary  of  the  data  spread  for 
Series  VI  is  presented  in  Table  7. 

The  Scries  VI  data  naturally  separated  into  two  proups  at  the  2500 
pound  failure  load.  Thus  a tis^o  class  problem,  pood  bond  and  bad  bond,  was 
considered.  The  Fisher  Linear  Discriminant  (see  Appendix  1)  is  a teclinloue 
which  forces  data  separation  into  two  classes,  and  thus  the  Fisher  Linear 
Discriminant  is  ideally  suited  to  the  bond  strength  problem.  To  implement 
the  Fisher  scheme/  a traininf!  set  of  data  was  arbitrarily  selected  from 
Series  VI  data,  this  data  set  was  used  to  determine  the  pood  bond  - had 
bond  separation  threshold.  Once  the  threshold  v?as  calculated,  the  entire 
Series  VI  data  was  fed  into  the  Fisher  algorithm,  to  correlate  predicted 
strength  v/ith  actual  load.  Employing  the  Fisher  Linear  Dlscrim.inant  algo- 
rithm, the  bond  strength  class  was  predicted  correctly  for  95%  of  the  bonds, 
using  pulse  shapes  2 and  3,  and  89%  of  the  bonds  for  pulse  shape  4.  (See 
Fig.  6). 

Test  Series  VTI 

Series  VII  data  consisted  of  23  specimens  fabricated  in  a fashion 
similar  to  the  three  previous  series.  The  Series  VII  specimens  v’ere  made 
up  of  four  low  bonds,  which  had  both  of  the  bonding  surfaces  contaminated, 
ten  bonds  with  only  one  substrate  improperlv  prepared,  and  fourteen  good 

bonds  with  proper  surface  preparation  on  both  bonding  surfaces.  The 
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results  of  the  Series  VII  test  data  are:  for  the  transducer  with  pulse 
shape  2,  the  perfomance  v/as  77";  for  pulse  shape  3,  the  performance  was 
87";  and  for  pulse  shape  4,  Ch.e  perfomance  v/as  60"'.  (See  Flp.  6). 

A loss  function  analysis  of  the  Series  VII  test  results  v/ith  the  frood 
bond  - bad  bond  thresh 'Id  set  at  2500  pounds,  provides  a bond  strength 
prediction  reliability  of  between  96%  and  100%.  The  loss  function  analysis 
places  the  correct  prediction  of  bad  bonds  as  the  goal  of  a bond  strength 

prediction  algorithm.  This  means  that  incorrectly  predicting  the  strength 
of  a good  bond,  though  not  desireable,  is  acceptable.  Table  8 shows  the 
reliabilities  of  the  bond  strength  prediction  algorithms  using  th.is  loss 
function  analysis. 

Table  9 considers  the  combined  reliability  of  both  Series  VI  and 
Series  VII  test  results.  By  combining  these  results,. a realistic  value 
of  the  bond  strength  prediction  algorithm's  reliabilltv  is  presented,  a 
value  of  91%  reliability  is  shovm  for  the  best  transducer.  Also  an 
apparent  need  for  transducer  compensaticn  is  displayed  in  Table  9,  and 
will  be  discussed  in  the  next  section. 
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Transducer  Dependance 

Table  10  displa^rs  all  of  the  previous  bond  stren?!th  prediction 
algorithm's  reliabilities  plus  the  effect  of  using  a transducer  other 
than  the  design  transducer  in  a particular  algorithm.  As  Indicated 
earlier,  in  addition  to  acquiring  all  of  the  Series  VII  data  with  one 
10  MHz  transducer,  two  other  complete  sets  of  data  were  taken  using  two 
different  10  MHz  transducers.  (See  Fig.  6).  Once  a reliable  bond  strength 
prediction  algorithm  was  developed  for  the  first  transducer,  data  obtained 
using  the  other  tv;o  transducers  was  introduced  into  the  first  transducer's 
algorithm  to  determine  if  the  reliability  of  the  algorithm  was  dependant 
on  the  transducer.  As  shown  in  Table  10,  the  reliability  of  the  algorithm 
is  very  much  dependent  on  input  pulse  shape. 

To  compensate  for  the  transducer,  or  at  least  to  provide  a go-no  go 
criteria,  a deconvolution  technique  m.ust  be  implemented.  (See  Appendix  2). 

A go-no  go  criteria  is  a technique  to  decide  if  the  transducer  being  used 
is  vTithln  acceptable  limits,  which  in  turn  are  dependant  on  the  test  situation. 
As  an  example  of  hov;  the  go-no  go  criteria  would  be  used,  consider  the 
follov;lng;  if  the  significant  feature  for  the  bond  strength  prediction 
were  a spectral  depression  at  5 >!Hz,  for  example,  then  only  a transducer 
having  energy  in  the  5 fiHz  range  would  be  useable  for  that  algorithm. 

The  deconvolution  theory  [12]  utilizes  the  freauency  domain  to  perform 
algebraic  manipulation  of  the  input  and  output  functions.  The  output 
function  in  the  frequency  domain  of  an  adhesive  bond  system  is  the  product 
of  the  input  function  and  transfer  function.  This  transfer  function  is 
representative  of  the  entire  system,  which  includes  the  specimen  and  the 
electronics  used  to  process  the  data.  In  theory,  the  transfer  function 
should  remain  constant  for  a single  bond,  except  for  anv  instrument  noise. 

By  dividing  the  output  by  the  input  function,  the  systems  transfer  function 
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can  be  calculated.  UsinR  the  transfer  function,  a second  input  function  from 
a second  transducer  can  be  compensated  to  produce  results  vrhich  resemble 
those  from  the  first  input  function.  Table  in  also  shows  the  results  of 
incorporatin?;  transducer  compensation.  As  displayed  in  Table  in,  application 
of  a deconvolution  algorithm  certainly  increases  the  reliability'’  of  a second 
transducer  in  a bond  strength  prediction  algorithm. 


I 

I 


-12- 


Concluding  Tlemarks 


1.  A computer  controlled  scannlnR  system  has  been  developed  which  can 
inspect  an  adhesively  bonded  specimen  and  predict  the  bond  strength,  all 
automatically.  The  value  of  such  a system  is  that  an  accurate  record  of 
the  adhesive  bond  strength  can  he  acquired  quickly  and  efficiently. 

2.  Tlie  reliability  of  this  pattern  recognition  technique  is  certainly 
high  enough  for  most  bonding  situations,  91%  reliable.  The  predicting 
algorithm  was  designed  to  predict  correctly  all  bad  bonds,  thus  the  Incorrect 
predictions  were  mislabeling  the  good  bonds,  v/hich  is  not  as  critical.  Thus, 
as  shovm  in  Table  8,  a loss  function  analysis  of  Series  VII  data  produces 
l'^n%  reliability  for  pulse  shapes  2 and  3,  and  96%  reliability  for  pulse 
shape  4.  (See  Fig.  6). 

3.  The  major  problem  encountered  in  using  this  Inspection  algorithm 
is  its  dependance  on  a particular  transducer.  To  expand  the  transducer 
acceptance  criteria,  a deconvolution  procedure  X'/as  implemented.  This 
procedure  not  only  increases  the  range  of  the  acceptable  transducers  but 
also  provides  a valuable  go-no  go  criteria. 

4.  Transducer  compensation  by  deconvolution  does,  in  most  cases, 
increase  the  reliability  of  the  adliesive  bond  strength  prediction  algorithm 
as  can  be  seen  in  Table  10.  The  pulse  shape  for  transducers  2 and  3 were 
almost  identical  but  the  pulse  shape  of  transducer  4 differed  somewhat 
from  transducers  2 and  3.  The  similarity  of  transducers  2 and  3 explain 
why  their  bond  strength  prediction  reliability  was  exceptional  for  an 
algorithm  designed  on  either  transducer  2 or  3.  On  the  other  hand,  their 
similarity  to  each  other  and  their  difference  to  transducer  4 explain  why 
transducer  4 did  not  predict  as  well  when  using  an  algorithm  designed  on 
transducer  2 or  3.  The  reason  that  deconvolving  transducer  2 with  trans- 
ducer 3 produced  poorer  results  than  without  deconvolution  is  that  our 
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I 

deconvolution  technique  is  somewhat  succeptable  to  noise.  The  noise  in 
® our  ultrasonic  signals  hampered  t!ie  effectiveness  of  our  deconvolution 

I sch.eme  and  caused  several  incorrect  bond  strength  predictions.  Part  of  a 

transducer  go- no  ic  criteria  should  be  a method  to  decide  if  deconvolution 
I is  needed.  If  the  second  transducer  is  similar  to  the  transducer  used  to 

desien  the  prediction  algorithm,  a deconvolution  compensation  routine  mav 

• only  add  noise  to  the  results.  Yet  if  the  second  transducer  is  considerablv 

I different  from  the  first  transducer,  then  a deconvolution  compensation 

routine  will  help.  Thus  a criteria  rust  be  established  to  first  decide 
j if  the  transducer  is  acceptable  withoi.'t  compensation,  and  if  this  trans- 

^ ducer  is  not  acceptable,  then  use  deconvolution  to  en’nance  the  signal  and 

* tl'en  recheck  the  transducer's  acceptability. 


I 

I 

I 

I 

I 

I 
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T^Gcornrendat ions  for  Future  V'ork 

1.  The  conbined  cohesive-adhesive  test  situation  should  certainlv  he 
considered  even  though  problens  associated  v/ith  each,  on  an  individual  basis, 
seer'  prorrisint;  for  obtaining  a solution. 

2.  Tr.plenentaticn  potential  of  this  pattern  recoF;nition  alp:orithn  and 
automated  data  acquisition  analysis  procedure  should  be  considered,  perhaps 
usinc  microprocessor  technology.  Both  computational  speed  and  storage 
requirements  should  be  investigated  in  detail. 

3 Additional  tests  should  be  conducted  using  similar  techniques  on 
various  practical  adhesive-sulistrate  systems.  Possiblv  the  treatment  of 
the  critical  composite-to-metal  bond  problem  could  be  considered. 

4.  Additional  xv’ork  should  be  done  to  establish  a two  part  acceptance 
criteria  for  transducers.  First  check  the  transducer  for  acceptability 
before  using  a compensation  routine  on  the  transducer,  and  then  recheck 
for  acceptance  after  using  the  compensation  routine. 

5.  Improving  the  data  acquisition  techniques,  that  is  using  as  pure 

a signal  as  possible,  will  greatly  increase  the  effectiveness  of  transducer 
compensation  by  deconvolution.  Noise  generated  hv  the  ultrasonic  nondestruc- 
tive test  system  can  be  alleviated  by  incorporating  m.any  different  sienal 
processing  techniques.  Random  noise  can  be  eliminated  with  signal  averaging 
and  correlation  routines.  Other  noise  may  be  lessened  by  using  more  sophis- 
ticated analog  to  digital  converters  and  by  filtering  the  ultrasonic  signal, 
for  example  by  incorporating  a Wiener  filter  in  the  software. 

h.  A tremendous  data  base  has  been  acquired  for  the  adhesive  bond 
strength  prediction  problem.  See  Table  11.  This  data  includes  the  ultra- 
sonic reference  and  echo  signals  from,  numerous  bonds  v;lth  various  degrees 
of  bond  strength.  Over  one  hundred  bond  situations  have  been  inspected 

with  each  of  the  three  different  10  MHz  transducers.  Additionally, 
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a'lnroxiir.ately  a quarter  of  these  bonds  have  been  inspected  wit!;  both  a 
15  JiKz  and  25  MHz  transducer.  This  data  reflects  the  state  of  the  art  in 
data  acquisition  and  siqnal  processing  usinn  real  tine  analcrr  to  digital 
conversion  and  computer  aided  signal  enhancement,  /^n  extensive,  sophisti- 
cated data  base  such  as  this,  is  necessarv  to  develop  any  improved  bond 
strength  prediction  techniques,  which  mij»ht  include  predictinr  adhesive 
strength  in  a more  reliable  fashion. 

7.  Such  other  problems  as  delaninatlons,  coliesive  strength  prediction, 
and  bond  thickness  measurement  should  he  studied  in  combination  with  the 
adhesive  type  problem  studied  in  this  work. 
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llll'HOVt^lllLlIT  IN 
ItATA  AdfUISITInH 


TABLE  1 - NOT  VALUES  IN  THE  AMTERIAL  AND  FLAW  CLASSIFICATION 
SYSTEM  PERFORMANCE  POTENTIAL  PREDICTION  PROBLEM 


TABLE  2 - A PROPOSED  PATTERN  RECOGNITION  COMPUTATION  PROCEDURE 

{problem  statementI 


IMPROVED 

DATA 

ACQUISITION 


METER,  RECEPTOR  WORLD,  DATA  ACQUISITION 
(FROM  THEORETICAL  COMPUTATION,  EXPERTMENTATION, 
OR  FROM  A COMBINATION  OF  THEORY  AND  EXPERIMENT) 


"A  PRIORI"  ENGINEERING 
KNOWLEDGE  (BASED  ON 
PHYSICS,  MECHANICS, 
AND  EXPERIMENTATION) 


LINEAR  TRANSFORM  OR  PRE^ 
PROCESSING  SELECTOR  CTO 
SIMPLIFY  ANALYSIS,  REDUCE 
DIMENSIONALITY  OF  THE  DATA 
SET,  I.E.  FOURIER  TRANSFORM, 
TRANSFORM  N.  ETC.) 


SEARCH 

ALGORITHM 

FOR  A 

BETTER 

FEATURE 

SET 


NONLINEAR  FE.ATURE  SELECTOR 
(MEAN,  VARIANCE,  MAXIMUM 
VALUE,  BANDWIDTH.  AT  6dB 
CEOTER  FREQUENCY,  ETC.) 


;SEARCH 
ALGORITHM 
FOR  A 
BETTER 

transform 


FLAW,  .MATERIAL  OR  SYSTEM 
aASSIFICATION  BASED  ON 
ENGINEERING  DECISION 
CI.E.  GOOD,  BAD,  THICKNESS, 
FLAW  TYPE,  BOND  FIGURE  OF 
MERIT,  CR.\CK,  NO  CRACK, 
SHARP  EDGE  DEFECT,  ETC.) 


PROTOTYPE  SELECTION  OR  MODIFICATION 
BASED  ON  SIMPLE  SELECTION,  AVERAGE  aASS  VALUE,  ETC. 


DISCRIMINANT  FUNCTION  SELECTOR 
(MINIMUM  DISTANCE,  ETC.) 


TEST  samples; 


INDEX  OF  PERFORMANCE  COMPUTATION 
(COMPARISON  OF  TEST  AND  PROTOTYPE  PATTERNS) 


EXAMINATION  OF  NATURAL  P.ATTERN  CLASSES  FOR 
POSSIBLE  CHAilGE  OF  ENGINEERING  CLASSIFICATION 


P.ATH  SELECTOR  -A,  3,  C,  D,  E,  OR  F 
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1 

2 

i. 

L 

DECISION 

2.05 

2.50 

1.10 

1.355 

« 

» 

Medium 

2.05 

2.80 

1.355 

1.7 

* 

• 

Medium 

2.50 

3.05 

1.10 

1.355 

* 

« 

High 

2.50 

2.875 

1.75 

2.05 

* 

« 

High 

2.50 

2.60 

2.05 

2.45 

» 

• 

High 

2.60 

2.95 

2.05 

2.45 

* 

Medium 

2.95 

3.05 

2.40 

2.55 

« 

» 

High 

2.90 

3.05 

1.1 

2.55 

Low 

3.05 

« 

2.55 

« 

» 

Out  of  Range 

2.05 

2.55 

« 

2.10 

3.05 

Medium 

2.50 

2 .60 

» 

« 

1.30 

1.56 

High 

2.55 

3.05 

» 

« 

1.56 

2.85 

High 

2.60 

2.95 

» 

1.30 

1.56 

Medium 

2.555 

3.05 

« 

• 

1.56 

2.85 

Low 

3.05 

» 

» 

» 

3.05 

« 

Out  of  Range 

« 

1.10 

1.70 

2.10 

2.97 

Medium 

• 

1.75 

2.55 

1.56 

2.80 

High 

* 

1.90 

2.07 

1.20 

1.56 

High 

• 

• 

2.07 

2.55 

1.20 

1.40 

High 

« 

• 

2.07 

2.55 

1.40 

1.56 

Medium 

* 

« 

2.55 

« 

3.05 

» 

Out  of  Range 

• Data  not  Required 

TABLE  3 - SEQUENTIAL  THRESHOLD  SELECTION  FOR  THREE  CLASS  PROBLfM  ON 
FEATURES  AND 
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Classification  from 


Specimen 

No. 

Failure  Load 
(pounds) 

Actual 

Classification 

Pattern  Recognition 
Solution 

Top 

Bottom 

37 

4350 

H 

H 

H 

38 

3600 

H 

K 

H 

39 

2100 

M 

M 

M 

40 

2450 

M 

M 

M 

41 

4300 

H 

H 

H 

42 

4050 

H 

H 

H 

43 

2300 

M 

M 

M 

44 

2750 

M 

M 

M 

45 

400 

L 

L 

L 

46 

500 

L 

L 

L 

47 

300 

L 

L 

L 

48 

400 

L 

L 

L 

49 

4300 

H 

H 

H 

50 

3100 

M 

M 

M 

51 

2750 

M 

M 

M 

52 

2650 

M 

M 

M 

53 

2300 

M 

M 

M 

54 

1850 

L 

H 

H 

L:  0 - 2000  lb. 

M;  2000  - 3500  lb. 
H:  over  3500  lb. 


TABLE  4 - SUMMARY  OF  SERIES  IV  FAILURE  LOADS  AND  BOND  CUSSIFICATION 
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Specimen  No. 

Pattern  Recognition 
Prediction 

Failure  Load 
(pounds) 

Top 

Bottom 

67 

H 

L 

3170 

68 

M 

M 

2950 

70 

M 

H 

2560 

72 

L 

L 

2110 

73 

OR 

OR 

3300 

74 

M 

OR 

2900 

76 

M 

H 

2390 

77 

OR 

OR 

1920 

78 

L 

L 

1940 

93 

H 

H 

3950 

95 

M 

M 

2700 

96 

M 

M 

2750- 

98 

M 

M 

2400 

101 

M 

OR 

2860 

102 

M 

M 

2930 

103 

M 

OR 

2850 

104 

L 

M 

2520 

105 

M 

M 

3200 

107 

M 

M 

2620 

108 

M 

M 

2750 

109 

M 

OR 

3050 

continued  on  next  page 


TABLE  5 - SUMMARY  OF  SERIES  V BOND  CLASSIFICATION 
PREDICTIONS  AND  FAILURE  LOADS 
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Specimen  No. 

110 

118 

119 

120 
121 
122 

123 

124 


Pattern  Recognition 
Prediction 


Top 

M 

L 

L 

M 

M 

M 

L 

L 


Bottom 

M 

L 

L 

M 

M 

M 

M 

L 


Failure  Load 
(pounds) 


2870 

1290 

1340 

3150 

2310 

2680 

1020 

1260 


L:  0 - 2000  lb. 

M:  2000  - 3500  lb  . 

H:  over  3500  lb. 

OR:  Data  could  not  be  obtained  within  range  to  make  a 
performance  prediction 


TABLE  5 (continued)  - SUMMARY  OF  SERIES  V BOND  CLASSIFICATION 

PREDICTIONS  AND  FAILURE  LOADS 
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Failure  Load  Range 


TABLE  6c  - SUMMARY  OF  BOND  CLASSIFICATION  PERFORMANCE 
SERIES  IV  AND  V (COMBINED) 


liacl  Bonds 


Good  iionds 


Spo  c i rje n ; .'o. 

Failure  Load 

15G 

3Pn 

152 

400 

149 

500 

151 

770 

154 

070 

146 

1200 

147 

1350 

153 

1620 

143 

1700 

127 

2400 

Specir.en 

’'allure.  Lead 

2600 

133 

3000 

120 

3100 

130 

3100 

125 

3200 

145 

3200 

126 

3350 

143 

3650 

134 

3700 

144 

3800 

142 

4000 

139 

4200 

140 

4200 

141 

4200 

137 

4250 

135 

4250 

136 

4250 

138 

4500 

131 

4750 

132 

4750 

TABLE  7 - SUMM/.RY  OF  SERIES  VI  FAILURE  LOADS 


Failure  Load 


Kond 


I 

I 


I 

I 

I 

I 

I 


’■'o.  Failure  Lead  i 


125 

3200 

150 

300 

12f3 

3500 

151 

770 

127 

2400 

152 

400 

12S 

2600 

153 

129 

3100 

154 

970 

130 

3100 

155 

4800 

131 

4750 

156 

4800 

132 

4750 

157 

4800 

133 

300 

158 

4400 

134 

3700 

159 

4400 

135 

4250 

160 

4400 

136 

4250 

161 

2Q00 

137 

4250 

162 

2900 

13fl 

4500 

163 

2050 

llfi 

4200 

164 

4100 

140 

4200 

165 

2800 

141 

4200 

1,-;^ 

2800 

142 

4000 

167 

100 

143 

3650 

168 

600 

144 

3800 

169 

1150 

145 

3200 

170 

900 

146 

1200 

171 

1500 

147 

1350 

172 

2100 

143 

1700 

173 

1000 

149 

500 

TABLE  11  - DATA  BASE  FOR  FURTHER  ANALYSIS 
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■ Fig.  1 - BLOCK  DIAGRAM  OF  THE  FAST  ULTRASONIC  DATA  ACQUISITION 

AND  ANALYSIS  SYSTEM 


« 


FIG.  2 -THE  IMMERSION  TANK,  DRIVING  STEP  MOTORS,  ULTRASONIC  PULSER. 
AND  SPECTRUM  ANALYZER  USED  IN  THE  AUTOMATED  ULTRASONIC 
SCANNING  PROCEDURE 


FIG.  3 - THE  POP  11/05  DIGITAL  COMPUTER  AND  BIOMATION  8IUU  A/D  CONVERTER 
USED  TO  CONTROL  AND  ACQUIRE  THE  ULTRASONIC  BOND  ECHO  SIGNAL 


Frequency 

3 |mdP-PREQ2J  dr  jMDP-PREQ4j , whichever  Is  smaller 
s A2/A2  If  s |mDP-PREQ2| 

^2  = A^/Aj^  If  = 1mDP-FREQ41 

= A^/A^  If  /3^  a |mDP-PREQ2| 
s ^5/A^  If  y3^  = |mdf-preq4| 


Fig.  4 - MODIFIED  FEATURE  EXTRACTIONS  DETAILS  FOR  SERIES  IV  TEST  SPECIMENS 


PROBABILITY  DENSITY  ESTIMATOR  CURVES  FOR  «, 


Amplitude 


Amplitude 


Amplitude 


Time 


Time 


Time 


Relative 

Amplitude 


Pulse  Shape  2 


Relative 

Amplitude 


Pulse  Shape  3 


Relative 

Amplitude 


Pulse  Shape  4 


10  20  Frequency 

(MHz) 


20  Frenuency 
(MHz) 


^0  ^0  Frequency 

(MHz) 


Fiq  6 - 


AMPLITUDE-TIME  AND  FOURIER  SPECTRUM  GRAPHS  FOR 
PULSE  SHAPES  2,3,  AND, 4 


Appendix  1 


Fisher  Linear  Oiscrininant 

One  cf  the  major  problems  encountered  in  pattern  reccnnltion  vjorh 
Is  the  vastness  cf  t!ie  feature  space.  I’rocedures  that  are  analvticallv 
and  ccmputationally  m.anap.ealile  in  low-dimension  spaces  become  impractical 
in  hieher-dimension  space.  An  ideal  dimensioned  space  is  tl'e  one-dimension 
or  a line.  The  advantage  of  a Fisher  Linear  Discrim.inant  [13]  is  that  it  pro- 
jects all  the  data  from  an  x-dimension  space  on  to  the  best  line  for 
separating  the  data.  Once  the  data  has  been  projected  unto  the  line, 
a threshold  value  nay  be  selected  which  will  separate  the  data  into  two 
classes.  Tiius  th.e  Fisher  Linear  Discriminant  is  ideally  suited  to  a tw’c 
class  problem. 

The  Fisher  Linear  Discriminant  is  defined  as  that  linear  function 

t _ _ 2 

w X for  which  the  criterion  function  J(w)  = jn^  - n^|‘'  is  naxinum. 

_ 7 _ T 

Si  + S2 

Tie  linear  function  w^x  is  the  product  of  a weighting  constant,  x:,  and  the 
feature  vector  x.  The  weighting  constants,  w,  are  calculated  by  the  criterion 
function,  J (w’)  at  its  maximum  value.  Tlie  criterion  function,  J(w),  will  be 
at  its  m.aximum  value  v/hen  the  distance  between  the  mean  values  of  the  data 
clusters,  j m^^  - is  the  largest  and  also  w’hen  the  within-class  scatter, 

smallest.  Thus  the  enuation  of  the  criterion  function 
is  explained. 


— — 2 

s,  “ + s'-  , is  the 

i 2 ’ 

J(w)  » 
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Anpendlx  2 
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I 

I 

I 

I 
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Deconvoluti rn  Concepts 

a ) ^.asic  Concents 

Transducer  cor-pensatlcn  is  essentlallv  tlie  rer-.oval  of  the  effects  of 
different  transducers  from  a "iven  test  situation.  Consider  the  procedure 
for  determinint;  the  shape  of  a suteurface  flaw  Ijy  ultrasonic  methods. 
Physically,  a transducer  is  excited  by  a voltage  spil'.e  (C((u)  P((a))  which 
distorts  the  crystal  in  the  transducer  (Tj^(a))).  This  distortion  is  nropa- 
gated  as  a pressure  wave  through  the  medium  hosting  the  flaw.  Upon  incidence 
on  the  flaw,  the  wave  is  reflected  distorting  the  transducer's  crystal 
(T-,(a))),  which  generates  a time-vaiy/lng  voltage.  This  voltage-tire  profile 
is  amplified  and  is  either  displayed  on  a CRT,  digitized  and  stored,  or  both. 

The  host  medium  and  the  flav;  may  be  viewed  as  a physical  system  excited 
bv  the  Initial  distortion  of  the  transducer  crystal  and  responding  with 
another  distortion  of  the  crystal,  h'hen  transducers  are  changed,  crystals 
are  changed,  and  therefore  excitations  and  responses  from,  the  s.ine  pip’sical 
system  are  changed. 

The  linear  system.s  approach  Co  this  nroblcm  is  to  consider  the  responses 
cf  Che  system  as  the  convolution  of  Che  excitation  and  innulse  of  the  system. 
This  greatly  simplifies  (conceptually)  the  analysis  of  the  situation,  since 
the  frequency  convolution  theorem  states  that  th.e  convolution  of  two  time 
functions  is  the  product  of  their  Fourier  transforms  in  the  frequency  dor.ain. 

Mathematically, 

J'f(t)  g(T-  t)  dt  = F((o)  ‘ C(co) 

— &0 

v;here  F((u)  = Fourier  Transform  of  f(t) 

U.(ti))  * Fonrler  Transform  of  n(t) 
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where  » Fourier  Trans  fern  cf  input  i 

O^Co))  “ Fourier  Transforr  of  output  i 

F (cu)  = Fourier  Transforn  of  Mediuri  and  Flaw  (h.nown  as  the  svsten 
transfer  function) 

This  model  admits  a differe.nt  definition  of  transducer  compensation. 
Transducer  compensation  is  the  determination  of  the  system  transfer  function 
(which  is  considered  fixed). 

Frequency  domain  analysis  shews  that  for  twC'  different  transducers,  the 
followinr 
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Tmplyin.'’  that  the  system  transfer  function  is  independent  of  transducer. 


h)  Deconvolution 

Deconvolution  is  the  process  hy  v/liich  the  transfer  function  of  a physical 
system  is  determined.  Analytically,  this  is  a point  by  point  division  in 
the  frequenev  domain,  0/1. 

The  output  o is  nsuallv  taken  as  the  return  echo  from  the  test  piece. 

The  input  is  determined  hy  looking  at  the  return  echo  from  the  back  v:all  of 
a test  block  made  of  the  same  material  as  the  system  under  test. 

The  Fourier  Transforms  of  0 and  I are  taken  and  complex  division  imple- 
mented. The  result  of  tliis  division  is  the  system  transfer  function. 
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preparation  problem.  Test  specimens  were  manufactured  so  that  a deficient 
surface  preparation  occurred  on  either  or  botli  substrates  In  an  alumlnum-to- 
alumlnum  step-lap  joint.  The  specimens  with  little  or  no  surface  preparation 
provided  weak  bonds,  and  the  specimens  with  proper  surface  preparation,  in 
general,  produced  strong  bonds 

A completely  automated  ult^sonlc  inspection  system  has  been  developed  at 
Drexel  University  for  predicting  pond  strength  in  metal-to-metal  adhesively 
bonded  step-lap  Joints.  Results  bp  date  provide  a 91%  reliability  for  solving 
this  difficult  problem  of  predlctlfvp  adhesive  bond  performance.  | 

A resource  base  developed  in  earlier  years  in  experimental  technology, 
theoretical  ultrasonic  wave  interaction  studies  with  adhesive  bond  models,  I 

manufacturing  technology,  and  shear  stress  distribution  analysis  have  all  been  | 
Incorporated  into  a pattern  recognition  program  of  study.  Such  topics  as  near- 
est neighbor  philosophy,  fuzzy  logic  analysis,  probability  density  function 
analysis,  and  adaptive  search  and  learning  techniques  for  linear  and  non-linear 
models  have  been  investigated.  A Fisher  Linear  Discriminator  algorithm  has 
been  developed  which  affords  91%  reliable  prediction  for  adhesive  bond  strength. 
Unfortunately,  results  indicate  that  the  prediction  algorithms  depend  strongly 
on  the  particular  transducer  being  used.  Data  acquired  with  a different  trans- 
ducer, having  different  pulse  form  characteristics,  created  problems  in  predict- 
ing bond  strength  until  a new  algorithm  was  designed  for  that  particular  trans- 
ducer. To  compensate  for  the  transducer  differences,  a deconvolution  technique 
was  Implemented  to  expand  the  selection  of  useful  transducers.  Limited  success 
on  this  technique  has  been  obtained  to  date. 
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